Introduction {#sec1}
============

Acoustic Radiation Force Impulse (ARFI) technique is a new ultrasound (US) method for assessing tissue stiffness^([@cit0001],\ [@cit0002])^. This technique uses a focused ultrasonic pulse to generate a shear wave spreading sideways from the focus point. Tissue behavior, while the wave propagates, is registered based on a principle of classical strain imaging (elastography), where tissue displacements are identified using correlation based methods.

In practice the shear wave generating pulse is emitted by the same ultrasonic probe as used for imaging. This single, focused, high intensity pulse delivers mechanical energy to the examined tissue due to the relatively large absorption contributing to overall attenuation, as compared to scattering^([@cit0003])^. This force impulse causes local displacement of tissue on the magnitude of micrometers^([@cit0002])^. This displaced tissue "pulls" neighboring areas creating a shear wave moving outward, sideways from the focus point. Velocity at which this wave travels across tissue is directly related to the tissue density ρ and its shear modulus G^([@cit0002])^. Shear modulus is one of the quantities describing mechanical stiffness of materials -- it is the ratio between the shear stress and shear strain in deformed material, similarly as the Young's modulus E is the ratio between the axial stress and strain.

Since the values of soft tissues mass densities are relatively close to the density of water and do not differ significantly from tissue to tissue^([@cit0004])^, the values of shear wave velocities (SWV) provide a valuable, quantitative information about tissue stiffness. SWV in soft tissues varies in the range from approx. 0.5 to 5 m/s^([@cit0005])^.

Based on the ARFI principle two main techniques have been developed -- qualitative imaging where various shear wave related quantities are used to create an image reflecting the mechanical properties of the tissue^([@cit0002])^. This technique has been implemented by Siemens Medical Solutions under the name Virtual Touch Tissue Imaging. The second technique is the quantitative measurement of the shear wave velocity where usually a time-of-flight methods^([@cit0006])^ are applied for assessing the velocity from the displacement data. This quantitative technique has been implemented by Siemens Medical Solutions under the name Virtual Touch Tissue Quantification^™^. In this case, B-mode imaging is supplemented by a measurement of the shear wave velocity for an operator-chosen region of interest (ROI) covering approximately 1 cm^2^.

ARFI techniques have been successfully applied to various tissues including liver, breast, prostate, kidneys and gastrointestinal tract providing new diagnostic capabilities for various diseases^([@cit0001],\ [@cit0005],\ [@cit0007])^.

The aim of the study was to evaluate the ability of ARFI method to measure SWV values of renal cortex in patients with different renal cortex thickness and different weight. In overweight patients the depth of measurement may exceed 8 cm, considered a maximum depth of ARFI study, and create a challenge to perform proper examination. On the other hand the cortex thickness may be lower than 1cm, which is the usual size of ARFI measurement window.

In patients with chronic kidney disease (CKD) changes in renal tissue both in US and Doppler are late and may not be adequate to interstitial fibrosis.

Fibrosis leads to reduction of renal cortex thickness, that normally presents values from 15 to 20 mm^([@cit0008])^. The values of renal cortex thickness in CKD patients may vary from normal to values less than 10 mm. Thin renal cortex is a challenging tissue for SWV measurements according to examination guidelines and examination window size.

Examination guidelines state that in order to obtain correct results the measurement window must be placed entirely on examined structure, which is assumed to be uniform. In clinical practice this condition is not always achieved and measurements are imprecise due to:

1.  patient's respiratory movements;

2.  limited stability of manually placing the measurement window;

3.  natural variability of renal cortex thickness;

4.  variable measurement depth (distance between the probe and the measurement window) depending on the weight of the patient.

Kidney phantom-based experiments were planned in order to assess the influence of mentioned limitations on the accuracy of renal cortex elasticity measurements. The window placement accuracy and the depth of measurements were of main interest.

Materials and methods {#sec2}
=====================

Phantoms preparation {#sec2.1}
--------------------

Use of various materials for ultrasonography and elastography phantoms has been reported. For the purpose of this study gelatin phantoms were chosen, as this material has been widely accepted for ultrasonics^([@cit0009])^ including Accoustic Radiation Force Impulse technique, and has been examined in other works^([@cit0010],\ [@cit0011])^.

Gelatin phantoms in previous experiments were designed to obtain certain elastic (Young's) modulus values. In this study shear wave propagation velocities were of main interest. Shear wave velocity *v~s~* depends on the shear modulus *G* of the material and its density ρ as given by the [equation 1](#FD1){ref-type="disp-formula"}.
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Shear modulus can be related to elastic modulus using the Poisson's ratio of the material ν as described by the [equation 2](#FD2){ref-type="disp-formula"}.
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It has been shown that elastic modulus of gelatin gel is linearly dependent on the concentration of gelatin^([@cit0009])^. Based on this property and measurements carried out during experiments described in^([@cit0010])^ a formula for expected Young modulus of the material was derived -- [equation 3](#FD3){ref-type="disp-formula"} where *C~p~* is the concentration of gelatin, given as a relative value (0 to 1) and resulting *E* in kPa.
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For the gelatin mass concentrations calculations, based on literature^([@cit0009])^, Poisson's ratio was assumed to have a value of 0,49. For Poisson's ratios ranging from 0,48 to 0,495, the expected Young modulus differed by less than 1%, thus this approximation is sufficient for our purpose. Mass density of the gelatin phantom material is usually assumed to be 1,0 g/cm^3([@cit0003],\ [@cit0005])^ but since experience shows that it is greater than density of water it was assumed to be 1,05 g/cm^3^.

For the purpose of this study phantom materials with two different shear wave velocities were designed, based on the above formulas. The renal cortex shear wave velocity was set at approximately 3 m/s^([@cit0005],\ [@cit0012])^, although average SWV's of 1,75 m/s were reported too^([@cit0013])^. Chosen SWV value corresponded to 4,7% of gelatin concentration. The surrounding tissue SWV was set at 4,5 m/s which corresponds to gelatin concentrations of 10,6%.

Attenuation or absorption of ultrasonic wave in the gelatin material, which is crucial in the ARFI technique^([@cit0002])^, was not measured in this study. Overall attenuation can be estimated based on a classic study published by Madsen^([@cit0014])^, with the utilized composition it should be at a level close to 0,33 dB/cm/MHz. This is a relatively low value and does not provide direct information on the absorption of the ultrasound in the phantom material. Results presented below and by other authors prove that the absorption of the beam in gelatin based phantoms is sufficient for the ARFI technique^([@cit0015])^.

Components used for phantom manufacturing included: distilled water, gelatin (Polskie Odczynniki Chemiczne S.A., Poland), 5 m% n-propanol (Polskie Odczynniki Chemiczne S.A., Poland), 5 m% graphite flakes median size 7--10 micron (Alfa Aesar, Germany), 0.2 m% glutaral aldehyde (Merck-Schuchardt, Germany) and 0.2 m% EDTA (Carl Roth, Germany). The addition of n-propanol increases the sound velocity to the expected value of 1540 m/s, graphite flakes provide scattering and attenuation similar to what is observed in tissue, glutaral aldehyde accelerates the process of gelatin solidification and improves its resistance to melting, EDTA is used as a preservative. Phantoms were manufactured by first dissolving the EDTA in preheated distilled water and alcohol mixture at approx. 60ºC, followed by dissolving the gelatin. After obtaining a clear solution of gelatin, graphite flakes were added and the mixture was cooled to approx. 30ºC. Finally, the aldehyde was added and then immediately the solution was poured into prepared molds.

Experience with gelatin phantoms shows that contact between areas with different gelatin concentrations results in water transportation due to different osmotic pressures. This causes significant swallowing of the material with higher concentration and shrinking of the material with lower gelatin concentration. To prevent this phenomenon in the phantoms used in this work, different regions were separated by a thin layer of latex membrane. For this purpose trans-vaginal latex ultrasonic probe covers (PLP, Malaysia), cleared of the lubricating substance were used.

Four phantoms imitating different clinical situations were created, their description is given in [Tab. 1](#t0001){ref-type="table"}.

###### 

List of phantoms used in the study

  Phantom     Characteristic
  ----------- -----------------------------------------------------------------------------------------------------------------------------------------
  Phantom A   Healthy (normal) kidney in a normal-weight patient (thick "renal cortex", kidney placed relatively close to the surface of the phantom)
  Phantom B   Healthy kidney in an overweight patient (thick "renal cortex", kidney placed relatively far from the surface of the phantom)
  Phantom C   Pathological kidney in a normal-weight patient (thin "renal cortex", kidney placed relatively close to the surface of the phantom)
  Phantom D   Pathological kidney in an overweight patient (thin "renal cortex", kidney placed relatively far from the surface of the phantom)

Examination setup and procedure {#sec2.2}
-------------------------------

Experiments were carried out in a setup configured as shown in [Fig. 1](#f0001){ref-type="fig"}. Phantoms were placed in a container with cooled water and monitored temperature. The temperature remained constant through the whole experiment (11,5ºC).

![Measurement setup: a -- ultrasound scanner (Siemens Acuson S2000), b -- probe stand, c -- water container, d -- ultrasound probe (Siemens 6C1 HD), e -- phantom, f -- thermometer](JoU-2016-0033-g001){#f0001}

The ultrasound probe (Siemens 6C1 HD Transducer, Siemens Mountainview, USA) working at 4 MHz, was fixed in a stand above the phantom and thus its position remained constant for each measurement point. A Siemens Acuson S2000 (Siemens Mountainview, USA) was used for the shear wave velocity measurements -- the build-in Virtual Touch Tissue Quantification^™^ tool was applied for this purpose. The measurement gate for this scanner has fixed dimensions with the height of 10 mm. Maximum depth for its placement is 80 mm.

After placing the phantom in the container and fixing the probe in a position 20 measurements of SWV for each point were registered along with the B-mode scans ([Fig. 2](#f0002){ref-type="fig"}). Results obtained for every point were tested for normality of distribution using the Jarque-Bera test (with the null hypothesis that the results come from a normal distribution with unknown mean and variance).

![Ultrasound image of Phantom A with shear wave velocity measurement in point 1](JoU-2016-0033-g002){#f0002}

Results {#sec3}
=======

Acquired data {#sec3.1}
-------------

Measurements were carried out for 6 or 7 points for each phantom. Points were chosen as described in the [Tab. 2](#t0002){ref-type="table"}, their localizations are shown in [Fig. 3](#f0003){ref-type="fig"}. [Table 3](#t0003){ref-type="table"} lists depths at which the measurement window was placed for each measurement point. Depths were registered and reported by the ultrasound scanner.

###### 

Measurement points for each kidney phantom

  No.   Description
  ----- ----------------------------------------------------------------------------------------------------
  1     In the center of the kidney phantom
  2     At the closer surface of the kidney phantom -- measurement window half in, half out of the kidney
  3     At the closer surface of the kidney phantom -- measurement window approx. 75% in the kidney
  4     At the further surface of the kidney phantom -- measurement window half in, half out of the kidney
  5     At the further surface of the kidney phantom -- measurement window approx. 75% in the kidney
  6     In the surrounding phantom material
  7     Additional measurement at the limit of measurement range of the scanner

###### 

Measurement window placement depths for each point and phantom in centimeters

  Point       1     2     3     4     5     6     7
  ----------- ----- ----- ----- ----- ----- ----- ----
  Phantom A   3.3   1.9   2.2   4.6   4.6   6     \-
  Phantom B   2.3   1.3   1.7   3.2   2.9   4.5   8
  Phantom C   7     5.5   5.7   8     7.8   7     \-
  Phantom D   6.1   5.1   5.4   7     6.8   8     \-

![Phantoms configuration with marked measurement points](JoU-2016-0033-g003){#f0003}

Shear wave velocities {#sec3.2}
---------------------

For each point shown in the [Fig. 3](#f0003){ref-type="fig"}, 20 measurements of shear wave propagation velocity were taken. Each set of results was tested for normality of distribution using a Jarque-Bera test. In three cases this test returned *p*-values under 0,001 due to a single erroneous measurement -- clearly visible during visual inspection of results. After removing outliers from results, J-B test confirmed normal distribution of results for each point. Results are shown in [Tab. 4](#t0004){ref-type="table"}, cases with removed outliers are marked with asterisk.

###### 

Mean shear wave propagation velocities for all measurement points

  Measurement points -- shear wave velocity \[m/s\]                                                                                                         
  --------------------------------------------------- --------------- --------------- ----------------- ----------------- --------------- ----------------- -------------
  Phantom A                                           2.658 ± 0.01    3.91 ± 0.018    2.914 ± 0.04      3.473 ± 0.02      2.757 ± 0.017   3.941 ± 0.009\*   \-
  Phantom. B                                          2.596 ± 0.008   3.563 ± 0.031   2.74 ± 0.011      3.665 ± 0.078     2.726 ± 0.007   3.857 ± 0.01      3.94 ± 0.17
  Phantom C                                           2.281 ± 0.031   3.498 ± 0.11    2.689 ± 0.013\*   3.294 ± 0.038\*   2.445 ± 0.007   3.664 ± 0.088     \-
  Phantom D                                           2.404 ± 0.013   3.245 ± 0.022   2.579 ± 0.023     3.057 ± 0.024     2.506 ± 0.015   3.248 ± 0.047     \-

Measurements results for the same points, within different phantoms, were tested with the Student's t-tests to check if they can be assumed to be equal (the null hypothesis that their mean values are equal). In all cases this hypothesis was rejected with maximum obtained *p*-value 0,0076 for point 2 in Phantoms B and C, while for other points *p*-value was less than 10^-9^. This test shows that, although very close shear wave velocity values were recorded for points 1, 2, 3 and 5, due to low standard deviation values, they are statistically different, what was illustrated in [Fig. 4](#f0004){ref-type="fig"}.

![Shear wave velocities for each measurement point, phantoms A thru D](JoU-2016-0033-g004){#f0004}

Results for each point in every phantom were also averaged, which is shown in [Fig. 5](#f0005){ref-type="fig"}.

![Median (red) shear wave velocities for each point in all phantoms. Boxes show the 25^th^ to 75^th^ percentile, whiskers -- full range](JoU-2016-0033-g005){#f0005}

To assess the influence of window placement a plot of standard deviations of velocities for each point number for all phantoms was created ([Fig. 6](#f0006){ref-type="fig"}). In order to assess the influence of depth on measurement accuracy, standard deviations of velocities were plotted against the measurement depths -- [Fig. 7](#f0007){ref-type="fig"}. A linear model was fitted to the data of variation values (solid line in [Fig. 7](#f0007){ref-type="fig"}) with the values of R-squared 0.099 and adjusted R-Squared 0.0598.

![Standard deviation of shear wave velocity measurements for different point numbers, all phantoms](JoU-2016-0033-g006){#f0006}

![Standard deviation of shear wave velocity measurements as a function of depth](JoU-2016-0033-g007){#f0007}

Discussion {#sec4}
==========

Measurement points were chosen by hand, so in case of each point and each phantom they were different. All measurements for a single point were, on the other hand, well stabilized by the probe mounting frame and thus were taken exactly in the same area of the phantom material with precisely the same speckle pattern, which resulted in a very low variation of measured velocity values ([Fig. 4](#f0004){ref-type="fig"}). The variation of results strongly increases when the results for each point are taken together from all phantoms ([Fig. 5](#f0005){ref-type="fig"}), which corresponds more closely the situation of freehand examinations on a patient.

Both cases show that 'catching' two different materials in the measurement window (points 2--5, [Fig. 4](#f0004){ref-type="fig"} and [5](#f0005){ref-type="fig"}) affects measured velocity value. This depends on how much of the undesired area is caught in the window. This assessment is only qualitative since precise measurement of the percentage of window covering the 'kidney' area and the 'surrounding tissue' was not possible. It is very important to note, that the measurement window has also a third dimension since the ultrasonic beam in the direction of elevation has a thickness of couple to over 10 mm. The tissue being examined has to uniformly cover the whole measurement volume.

Relation between the uniformity of material scanned and the variation of velocity measurements can be assessed by comparing the variation for points 1, 6 and 7 obtained from a homogenous area versus variation for points 2, 3, 4 and 5 obtained for windows catching two different areas ([Fig. 6](#f0006){ref-type="fig"}). The visual inspection of the plot shows no effect of the homogeneity of the material covered by the measurement window on the variation of results of measurements -- while the average variation of results is relatively low for point 1 in all phantoms, it proves to be high for point 6 and 7. For 'inhomogeneous' points they can be high (points 2 and 4) or low (point 5).

Increase in average variation (solid line in [Fig. 7](#f0007){ref-type="fig"}) with increase in measurement depth suggests a correlation between those quantities, but low values of R-squared and adjusted R-squared makes this relation uncertain. This may result from the fact that at higher depths the ARFI becomes weak^([@cit0002])^and are thus expected to be less operator dependent. Methods have been developed that utilize impulsive (i.e. \<1 ms (amplitude of the pulse is low) and tracking of material movements due to the shear wave becomes difficult. An experiment providing more points for this assessment, using a uniform phantom could probably provide more precise results.

Conclusions {#sec5}
===========

Conducted research confirms that the measurement window placement influences the measurement results. Maintaining the whole window area within the examined tissue is the most important precondition that has to be met during examinations. This also assumes the homogeneity of the examined tissue which is scarcely the case. In practice, the obtained results are averaged over the measurement volume (which includes also the out-of-plane dimension). The examination of standard deviations shows that this averaging is consistent and does not introduce a higher variability of results.

An increase in depth at which measurements are taken does not clearly affect the results, but might increase the variation of results. In this study, this relation was weak and does not allow to conclude that the depth of measurement has a significant impact on measurements reliability.

Overall conclusions from this study are that the ARFI method is precise and reliable as long as the object is suitable -- measurements can be taken in a uniform / homogenous volume that is representative for the tissue of interest.

With this limitations ARFI is a promising method to follow progression of renal tissue fibrosis over time.
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